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Abstract 
Seismicity produced by human activities (i.e. induced seismicity) has been widely reported over the 
last 40 years. To date few induced earthquakes have been recorded at CO2 storage sites, however, the 
volumes of injected CO2 and the number of operational sites are small. A review of induced seismicity 
from different types of fluid injection and extraction sites confirms that these events are typically 
magnitude (M) and in many cases have no reported earthquakes. Although the size (and associated risks) 
of induced earthquakes at CO2 storage sites is most likely to be small, these events could decrease seal 
integrity or raise public concerns, while rare larger events (>M5) could also have ramifications for CCS 
beyond a single site. These risks can be reduced by careful site selection and development of site-specific 
risk reduction and mitigation programmes. Forecasts of induced seismicity using physical and statistical 
models and real-time monitoring will be key planning and decision making tools. The utility of 
monitoring and mitigation programmes will be maximized by establishing prior to injection, site 
performance and management guidelines for acceptable levels of induced seismicity, and agreed control 
measures. Further improvements to risk management practices, understanding induced seismicity 
processes and stakeholder confidence may be achieved by; a) increasing the number of publically 
available induced earthquake catalogues for development and testing of physical and statistical models, b) 
undertaking more systematic studies of individual sites populated by well constrained sub-surface 
geomechanical information and seismicity data complete down to small magnitudes (e.g., M-3), c) 
enhancing the physical reality of numerical dynamic models, d) studying the scaling effects of seismicity 
associated with moving from pilot projects to full commercial implementation of CO2 storage, e) 
developing standard risk management procedures and guidelines for induced seismicity at CCS sites and, 
f) filling induced seismicity knowledge gaps in the CCS community by collaborating with seismologists 
and modellers working in other industries.  
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1. Introduction 
Seismicity induced by anthropogenic activities including water injection into the sub-surface and 
hydrocarbon extraction has been widely reported over the last 40 years [1-32]. Although these 
earthquakes are mainly of small to moderate magnitude (e.g.,  M4.5) and are unlikely to cause 
significant damage, they could promote leakage of CO2 from the storage container [32] or raise public 
concerns [16, 33]. To date few induced earthquakes have been recorded at CO2 sub-surface storage sites, 
however, the volumes of injected CO2 are typically small, the number of sites low and the attendant 
seismometer networks limited in spatial extent or temporal coverage. These knowledge gaps mean that 
questions remain about the magnitude of risks associated with induced seismic and point to the need for 
further work. As with many parts of the CCS system, understanding the physical processes resulting in 
induced seismicity is crucial for assessing and reducing the associated risk and increasing the likelihood 
of successful project completion.  
 
Induced seismicity occurs when anthropogenic activities cause a new or pre-existing fault to move (Fig 
1). A large part of the understanding of induced seismicity has been developed though empirical case 
studies and analytical modelling where particularly active or energetic sequences have been analysed 
using standard earthquake catalogue parameters such as earthquake magnitude, location and time. 
Although useful for understanding the processes and risks, these datasets are biased towards sites where 
the rates and/or magnitudes of induced seismicity are high. Systematic case studies of seismicity induced 
by fluid injection across multiple sites are rare and studies of catalogue data have been largely limited to 
individual sites with variable quality data [e.g., 2-4,10,17,19]. To improve understanding of the overall 
behavior of induced earthquakes, reviews and analyses of published data have been compiled by 
numerous authors [e.g., 6,8,12,15-16,25,27]. More recently research has been undertaken to develop 
computational models that specifically target the induced seismicity process and aim to understand the 
underlying physics that is driving it including recent models developed specifically for CO2 injection and 
storage [e.g., 14]. These studies have improved our understanding of the mechanisms that produce 
induced seismicity, however, it is presently not possible to forecast these earthquakes with sufficient 
precision for detailed risk assessment. 
 
With the aim of improving understanding of induced seismicity at CO2 storage sites and reducing the 
associated risks the relevant literature from a broad spectrum of industries has been reviewed. With this 
knowledge we can begin to estimate what the potential is for induced seismicity in CO2 injection and 
storage projects. The ultimate goal of this contribution is to identify important gaps in understanding of 
induced seismicity, to highlight where future research may have the greatest impact for reducing 
uncertainties associated with such events, and to recommend procedures for reducing the risk to CCS 
projects.  
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Fig. 1. Processes inducing seismic activity at CO2 injection sites (from reference 24).  
2. Observations 
Induced seismicity data from commercial (millions of tonnes) and experimental (<100 000 tonnes) 
scale CO2 storage sites are sparse [7,24,28]. Few events have been reported at Sleipner (Norway), In 
Salah (Algeria), Otway Basin (Australia) and Ketzin (Germany) projects [6], while small numbers (<50 
per year) of low magnitude (M-3 to -1) earthquakes occurred at Weyburn during CO2 injection [28]. The 
absence or low numbers of induced earthquakes and the observation of no events exceeding M1 could be 
interpreted to suggest that they pose little risk. However, the number of CO2 storage sites where detailed 
seismicity information are available is small and data from other types of fluid injection and extraction 
operations have been considered to increase the size of the database. Seismicity associated with fluid 
injection and extraction share many common features, while differences in the compressibility, viscosity, 
density and relative permeability of water and supercritical CO2 do not appear to produce contrasting 
induced seismicity populations [29]. Given these observations there is value in using induced seismicity 
from water injection and petroleum production sites as analogues for induced seismicity at future CO2 
storage sites. 
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The spatial distribution of induced earthquakes for sites of fluid/gas extraction and injection often 
follows generally understood patterns, even if the scale and details of the pattern cannot be predicted 
ahead of time. Fault slip and rock failure typically occur in seconds and produce induced earthquakes that 
range in magnitude from M-3 to M>5 [e.g., 6,8,15,25,27]. These earthquakes are most often small to 
too small to be felt or recorded by seismometer 
networks. Due in part to the dominance of small earthquakes and a lack of local seismometer networks, 
induced seismicity has not been reported at a large number of sub-surface injection or extraction sites. 
Where observed induced seismicity begins almost immediately after the onset of sub-surface operations 
and continues for their duration. Induced events typically commence adjacent to the injection/extraction 
well and migrate outwards from the well with time and increasing volume of displaced fluid [e.g., 
2,18,20]. Following the injection/extraction period, the rate of earthquakes typically follows an 
exponential decay as is seen in tectonic aftershock sequences [e.g., 4,11,21]. In some cases, the induced 
seismicity continues for years or tens of years after injection has ceased [e.g., 10,18].  
 
extraction of large 
volumes of hydrocarbons or water, however, the anthropogenic origin of many of these events is debated 
in the literature [26]. This debate is fuelled by the recognition that larger extraction-induced 
earthquakes can occur kilometres from the reservoir, many years after the beginning of the extraction 
operation and in areas of existing tectonic activity [e.g., 8,13,15,23,26]. Although the likelihood of 
earthquakes being induced by CO2 injection will probably be low, it is not zero and the possibility of 
these events should be considered for management of seismicity and risk.  
 
 
Fig. 2. Variations in induced earthquake magnitude and frequency with changes to injection rate and wellhead pressure for injection 
operations at Paradox Valley, Colorado, USA during the period 1996-2004 (figure from reference 21 and seismicity data original 
presented by reference 1). Over 4,000 induced earthquakes were recorded by the 15-station Paradox Valley Seismic Network, which 
was installed in 1995 prior to the onset of injection. 
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While the mechanics of shear failure and the earthquake process are well understood [e.g., 
15,25,34,35], the key factors that control the magnitude range, seismicity rates and spatial and temporal 
distributions of events appear to vary between sites. At some sites earthquakes are strongly influenced by 
the rate and volume of fluid injected and corresponding changes in reservoir pressure [e.g. 
4,10,11,21,22](Fig 2). Induced seismicity is also influenced by the mechanical properties of the injection 
interval. The highest rates of induced seismicity and largest earthquake magnitudes are often, for 
example, observed within crystalline basement perhaps because these rocks are more brittle than 
sedimentary strata and/or they have low permeabilities which promote rapid pressure increases [6,32]. 
The presence of relatively weak pre-existing faults may also locally enhance induced seismicity 
[5,25,27,31], with these faults often accruing slip during earthquakes at stresses well below that required 
to fracture intact reservoir rock.  
 
3. Risks and mitigation measures 
 
One of the principal reasons for studying induced seismicity arising from injection of CO2 is to assess 
and manage the associated risks. For the vast majority of existing fluid injection or extraction projects 
induced seismicity has not significantly disrupted operations. Despite the shallow hypocentral depths 
(e.g., <5 km) the small to moderate magnitudes common for induced earthquakes mean that they rarely 
cause damage to infrastructure or private property, especially in regions of modern earthquake-resistant 
construction [e.g., 25,26,30,36]. With increases in the number of sites and storage volumes of injected 
CO2, maintaining the present record of no adverse induced seismicity events for CCS projects requires 
that operators select sites judiciously and employ risk management to minimise the impact of these risks. 
Experience from Enhanced Geothermal Systems suggests that an incomplete operational framework (e.g., 
incomplete legislation, poorly designed operational procedures and unresolved liability) and a lack of 
public support and acceptance may pose important risks to CCS projects [see 33]. Another factor that may 
be important is the role of earthquakes in the leakage of CO2 through the seal [32]. The earthquake 
magnitudes required to generate unacceptably high risks varies between sites and for different risk 
factors. Close to populated areas events as small as M2 may be felt and raise stakeholder concern, while 
events of at least M3-4 could cause minor damage to infrastructure and injury.  
 
The risks associated with induced seismicity at CCS sites can be reduced and mitigated using a 
systematic and structured risk management programme. Experiences such as those at the Basel 
geothermal experiment [e.g., 9] support the notion that a risk assessment of induced seismicity, including 
forecasting of reservoir response to the predicted pressure changes, installation of a microseismic array 
and consideration of mitigation measures, should be carried out  prior to the commencement of injection. 
While precise forecasts of the expected induced seismicity may never be possible, a thorough risk 
management procedure will require estimates of the expected magnitude, number, location and timing of 
potential induced earthquakes. Such forecasts should utilise site specific observations (e.g., pre-injection 
stress conditions, rock strengths, locations and frictional properties of pre-existing faults) together with 
physical and statistical models optimised for each site. Combining forecasts with real-time monitoring of 
induced seismicity is necessary to maintain an accurate picture of the seismicity and to allow for 
mitigation of the associated risks as they evolve. The design of monitoring networks for induced 
seismicity could vary between sites depending on a range of factors including; desired event 
observational magnitude range, site location, size and reservoir depth, levels of background seismicity 
and ambient noise, and cultural site constraints (e.g., existing infrastructure and financial priorities). To 
optimise the utility of monitoring and mitigation programmes site performance and management 
guidelines for induced seismicity should be established prior to injection, as has been proposed for 
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Enhanced Geothermal System sites [e.g., 33,37]. Guidelines include setting the acceptable level (i.e. 
magnitude range and productivity) and impacts of seismicity and outlining the control measurements to 
be implemented if original expectations are exceeded. Such measures, in combination with public 
education to ensure that the perceived and actual risks are comparable, and reservoir pressure 
management plans, could be expected to significantly reduce the risks of induced seismicity to successful 
completion of CO2 storage projects. 
 
4. Future focus 
 
While there is acceptance that injection of CO2 has the potential to induce earthquakes, there is not 
agreement about the level of risk to CCS projects posed by these earthquakes. What is clear from 
experience to date is that the seismic response to CO2 injection is likely to vary dramatically between 
sites. At many sites the earthquakes will be too small to be felt or recorded instrumentally and induced 
seismicity may pose a low risk to CCS projects. At a few sites, however, earthquakes triggered by the 
injection of CO2 have the potential to negatively impact on the successful completion of CCS projects. 
Being able to identify which CCS sites could present an unacceptable induced seismicity risk and 
developing management strategies to address these risks will be important for the successful sub-surface 
storage of CO2. Six main areas of future work are recommended to improve our understanding of induced 
seismicity processes, of the associated risks they pose to CO2 storage projects and the risk reduction 
measures that may be employed. These main areas are summarized below. 
 
1) Induced Seismicity Catalogue Database: These data are critical for the development and 
validation of statistical and physical models. Creation of a central database for global injection induced 
seismicity observations and encouragement of data sharing will greatly facilitate model development and 
improve induced seismicity forecasting. To ensure that such data are collected it is recommended that 
microseismic networks (including some down-hole instruments) are operated at all CCS sites prior to, 
during and following injection. 
2) Systematic and detailed site studies: To improve understanding of induced earthquake 
processes and develop predictive models, a greater number of systematic site studies rich in data (i.e. 
seismicity catalogues, reservoir properties and injection histories) are required. As more information 
becomes available, future studies will undoubtedly begin to reduce the uncertainties in the forecast 
induced seismicity parameters, such as the largest possible magnitude or the expected rate of events for a 
site. Uncertainty reduction is important for robust quantitative risk assessment.  
3) Physical modelling: The development of physical models is at an early stage but shows promise 
for informing induced seismicity predictions. In order to provide improved predictions these models must 
incorporate well quantified system parameters (e.g., porosities, permeabilities, pore pressures, rock 
strength, temperatures and fluid compositions) and more accurately replicate system processes. For both 
validation and testing of the codes and models it is important that codes continue to be benchmarked 
against each other and tested, in a rigorous and predictive sense, against observations of induced 
seismicity. 
4) Scaling from pilot projects to commercial-scale injection: CCS projects to date have mainly 
consisted of pilot projects. The volumes of injected CO2 for these pilot projects are probably orders of 
magnitude  less than what will be required to achieve the ultimate goal of reducing the amount of CO2 in 
the atmosphere to slow global warming and climate change. It is currently not well understood how the 
processes will scale to the much larger and potentially more complex reservoirs that will be required.  
5) Risk management protocol: A CCS specific protocol or guideline for risk management specific 
to induced seismicity does not yet exist. Such guidelines have been developed for other areas of CCS 
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[e.g., 38] and for induced seismicity in other industries [e.g., 33]. A CCS specific protocol should 
describe the major steps necessary to manage the induced seismicity risk through to guidelines for 
monitoring during injection and beyond. Such a protocol would educate stakeholders and project 
managers and ease the risk management process. 
6) Induced Seismicity Collaboration: Induced seismicity is not a CCS specific problem and a 
number of industries are currently devoting time and resources towards improving our understanding of 
this topic. The CCS community will benefit from interaction and integration with the other industries 
(e.g., Petroleum and Enhanced Geothermal) and interest groups (e.g., seismological community). These 
groups are more advanced in their understanding of induced seismicity and are either working on, or 
could be focused on, issues of direct relevance to CCS.  
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